Head and neck squamous cell carcinoma (HNSCC) is characterized by epidermal growth factor receptor (EGFR) overexpression, where EGFR levels correlate with survival.
Introduction
Head and neck squamous cell carcinoma (HNSCC) accounts for 90% of head and neck cancers (1) . HNSCC is the sixth most common cancer worldwide, with f40,000 new cases and 12,000 deaths annually in the United States (2) . The major risk factors for the development of HNSCC include tobacco usage and alcohol consumption. Standard treatment for head and neck cancer includes surgery followed by chemoradiation or chemoradiation alone. Despite a nearly 60% 5-year survival rate for primary HNSCC, most HNSCC patients die of a secondary aerodigestive tract cancer. The survival from secondary primary tumors remains below 25%; there has been little evidence of an improvement in the 5-year survival rate over the past several decades (3, 4) . Although the critical pathways that contribute to HNSCC formation remain largely unknown, the epidermal growth factor receptor (EGFR) has been implicated in HNSCC development and progression. Approximately 95% of HNSCC tumors overexpress EGFR when compared with levels in normal mucosa (5) .
Elevation of EGFR in HNSCC is accompanied by increased expression of its ligand, transforming growth factor a (TGF-a) supporting an autocrine regulatory pathway in this tumor system. In HNSCC tumors, the expression level of EGFR in the tumor predicts decreased survival, independent of nodal status (N stage; ref. 5 ). Abrogation of EGFR in vitro or in vivo inhibits HNSCC proliferation without affecting the growth of normal mucosal epithelial cells (5 -7) . The critical importance of EGFR in HNSCC is shown by the remarkable results of phase I clinical trials where treatment with a monoclonal antibody (C225) directed against EGFR in combination with either cisplatin or radiotherapy resulted in a response rate of nearly 100% (8, 9) . However, targeting EGFR with either tyrosine kinase inhibitors or monoclonal antibodies has shown limited antitumor effects in head and neck cancer patients when these agents are delivered as monotherapy (10, 11) . A phase II clinical trial with the EGFR tyrosine kinase inhibitor erlotinib reported only a 5% response rate in 115 head and neck cancer patients (12) .
The constitutive activation of G-protein -coupled receptors (GPCR) leading to the transactivation of EGFR and other signaling pathways may contribute to the low response rate in head and neck caner receiving EGFR targeting therapy (13 -15) . We previously reported that the gastrin-releasing peptide (GRP) induces EGFR activation and downstream mitogen-activated protein kinase (MAPK) phosphorylation, which potentiates head and neck cancer cell invasion and proliferation (16) . In addition, the gastrinreleasing peptide receptor (GRPR) is overexpressed in both HNSCC tumors and adjacent normal mucosa from HNSCC patients compared with levels in control mucosa from individuals without cancer where increased GRPR levels were associated with decreased survival (17) . These results suggest that the constitutive activation of downstream signaling pathways by GRPR may contribute to the resistance to EGFR inhibitors in HNSCC.
Integration of GRPR and EGFR signaling in cancer cells indicates that treatment regimens designed to target both receptor pathways may be efficacious. To determine whether the addition of GRPR targeting can enhance the antitumor efficacy of EGFR tyrosine kinase inhibitors, the GRPR antagonist PD176252 was combined with the EGFR tyrosine kinase inhibitor erlotinib in HNSCC cell lines and immortalized mucosal epithelial cells (18) . To explore the potential mechanisms of combined targeting of GRPR and EGFR and identify intermediate biomarkers of therapeutic efficacy, we examined total protein and phosphoprotein levels of downstream signaling molecules using reversephase protein microarray (RPPA) and Western blotting. We found that in addition to predicted proteins based on known mechanisms, phospho -c-Jun, phospho-p70S6K, and phospho-p38 levels were further decreased by combined targeting of GRPR and EGFR when compared with EGFR inhibition alone. These results suggest that the addition of a GRPR inhibitor can block both EGFRdependent as well as EGFR-independent pathways leading to enhanced antitumor effects.
Materials and Methods

Chemicals and Reagents
The EGFR monoclonal antibody used for Western blotting was obtained from BD Transduction (San Jose, CA). The EGFR antibody for immunoprecipitation was Figure 1 . Dose response growth inhibition using erlotinib and PD176252. HNSCC cells (1483, UM-22B) were treated with (A) erlotinib or (B) PD176252, followed by MTT assay 3 d later. C, the growth inhibitor effects of erlotinib and PD176252 were also examined in HET-1A cells. The data were analyzed using Prism (GraphPad Software) to determine the IC 50 dose of both drugs. The experiment was repeated thrice with similar results.
obtained from Upstate Biotechnology (Lake Placid, NY). PD176252 (18) Cell Culture HNSCC cell lines (1483 and UM-22B) were of human origin and derived from an oropharyngeal tumor and metastatic cervical lymph node as described previously (20, 21) . Cells were maintained in DMEM with 12% heatinactivated FCS (Invitrogen, Carlsbad, CA) at 37jC with 5% CO 2 . The 1483 cell line was derived from an oropharyngeal tumor, and the UM-22B cell line was derived from a metastatic cervical lymph node. HET-1A cells were purchased from the American Type Culture Collection (Manassas, VA). The HET-1A cells are normal human esophageal mucosa cells immortalized by transfection with the SV40 large T antigen as described previously (22) .
Western Blotting Approximately 25 Ag of protein was resolved in an 8% SDS-PAGE gel and transferred onto a Protran membrane (Schleicher & Schuell Inc., Keene, NH) using a semidry transfer machine (Bio-Rad Laboratories, Hercules, CA). After protein transfer, the membrane was blocked overnight with a blocking solution containing 5% nonfat dry milk, 0.2% Tween 20 in 1Â PBS. The membrane was incubated with the primary antibodies (1:1,000 phosphop44/42 MAPK or p44/42 MAPK, PCNA, cleaved PARP, phospho-Akt473, total Akt, and h-actin) for 2 h and then washed with Blotto solution [0.6% dry milk powder, 0.9% NaCl, 0.5% Tween 20, and 50 mmol/L Tris (pH 7.4)] thrice for 10 min. The membrane was then incubated with the secondary antibody (goat anti-rabbit/mouse immunoglobulin G-horseradish peroxidase conjugate; Bio-Rad) for 1 h and washed thrice for 10 min. The membrane was quickly rinsed with a rinsing solution [0.1% Tween 20, 100 mmol/L Tris (pH 8.0), and 150 mmol/L NaCl], and the blot was developed with luminol reagent (Santa Cruz Biotechnology). The band intensity was quantitated with DigiDoc1000 software (Alpha Innatech Corporation, San Leandro, CA) as described previously (23) .
Matrigel Invasion Assay Cell invasion was evaluated in vitro using Matrigelcoated semipermeable modified Boyden inserts with a pore size of 8 Am (Becton Dickinson/Biocoat, Bedford, MA). Cells were plated in duplicate at a density of 4 Â 10 4 cells per well in DMEM in the chamber or insert. Both the insert and the holding well were subjected to the same medium composition with the exception of serum. The insert contained no serum, whereas the lower well contained 10% fetal bovine serum (FBS) that served as a chemoattractant. The lower wells were supplemented with DMSO, PD176252 (4 Amol/L), erlotinib (6 Amol/L), or a combination of PD176252 and erlotinib. After 48 h of treatment at 37jC in a 5% CO 2 incubator, the cells in the insert were removed by wiping gently with a cotton swab. Cells on the reverse side of the insert were fixed and Figure 3 . Combined inhibition of GRPR and EGFR decreases HNSCC cell invasion and colony formation. A and B, 1483 and UM-22B cells were plated in Matrigel invasion chamber in triplicates followed by treatment with PD176252 (4 Amol/L), erlotinib (6 Amol/L), or a combination of PD176252 and erlotinib for 24 h. Invading cells in four representative fields were counted using light microscopy at Â400 magnification. Columns, mean calculated from two independent experiments; bars, SE. P values were determined by comparing combined treatment to PD176252 or erlotinib treatment alone (P < 0.001). C, 1483 cells were plated on 60-mm culture plates that were covered with a layer of 0.5% agar in medium supplemented with 20% FBS in combination with PD176252 (4 Amol/L), erlotinib (6 Amol/L), or a combination of PD176252 and erlotinib. Cell suspensions (500 cells per well) were prepared in 0.3% agar and poured into 60-mm culture plates. The plates were incubated at 37jC in a humid atmosphere of 5% CO 2 for 2 wks until colonies appeared. The colonies were stained with MTT (1 -2 mg/mL). Ten different fields were counted by light microscopy for each treatment (P < 0.001). All experiments were repeated twice with similar results. Colony Formation Assay Culture plates (60 mm) were covered with a layer of 0.5% agar in medium supplemented with 20% FBS in combination with PD176252, erlotinib, or PD176252 + erlotinib. Cell suspensions (500 cells per well) were prepared in 0.3% agar and poured into 60-mm culture plates. The plates were incubated at 37jC in a humid atmosphere of 5% CO 2 for 2 weeks until colonies appeared. The colonies were stained with MTT (1 -2 mg/mL) and counted.
Cell Cycle Analysis The 1483 and UM-22B cells were treated with PD176252 or erlotinib alone or with a combination of PD176252 and erlotinib for 24 h. Cells were fixed by 75% ethanol followed by propidium iodide (5 Ag/mL) and RNase A (10 Ag/mL) and then analyzed by flow cytometry (Epics XL-MCL; Beckman Coulter, Miami, FL).
RPPA Sample Preparation
Cells were plated on a 10-cm plate. After treatment, cells were washed twice with ice cold PBS. Then, lysis buffer [1% Triton X-100, 50 mmol/L HEPES (pH 7.4), 150 mmol/L NaCl, 1.5 mmol/L MgCl 2 , 1 mmol/L EGTA, 100 mmol/L NaF, 10 mmol/L NaPPi, 10% glycerol, 1 mmol/L phenylmethylsulfonyl fluoride, 1 mmol/L Na 3 VO 4 , and 10 Ag/mL aprotinin] was added to the cells followed by microcentrifugation at 14,000 rpm for 10 min. Clear supernatants were accumulated followed by protein quantitation using the protein assay solution (Bio-Rad) and bovine serum albumin of known concentration as the standard. The cell lysate was mixed with 4Â SDS sample buffer without bromophenol blue [three parts of cell lysate plus one part of 4Â SDS sample buffer, which contained 35% glycerol, 8% SDS, 0.25 mol/L Tris-HCl (pH 6.8)]. Before use, 10% h-mercaptoethanol was added. The samples were boiled for 5 min. Then, samples were serially diluted (1:2 -1:128). To each of the diluted samples, an equal amount of 80% glycerol/2Â PBS solution was added, followed by a transfer of the diluted samples to 384-well plates. Lysates were arrayed by a pin and ring GMSE 417 arrayer (Affymetrix, Santa Clara, CA) onto nitrocellulose slides.
RPPA Staining Slides were washed with reblot buffer (Chemicon, Temencula, CA) for 15 min followed by two washes with PBS. Then array slides were blocked with I-block (Applied Biosystems, Bedford, MA) for 30 min. Hydrogen peroxide was applied on the slides for 5 min, followed by washes with TBST for 5 min. Avidin and biotin were applied on the slides for 5 min followed by TBST washes. After that, six to seven drops of protein block were added onto each slide followed by antibody incubation at RT for 1 h. After two washes with TBST, biotin-conjugated secondary antibody was applied on the slides for 30 min followed by washes with TBST. Streptavidin-biotin complex was then used to cover the slides for 15 min. Finally, amplification reagents were applied on the slides followed by streptavidin peroxidase (15 min) and substrate-chromogen incubation (5 min). Stained slides were scanned and analyzed by microvigene software. The c-jun-NH 2 -kinase (JNK) antibody was purchased from Santa Cruz Biotechnology (1: 750). The remaining antibodies were purchased from Cell Signaling Technology (Beverly, MA) and used at the following dilutions: phospho -c-Jun p73 (1:100), phospho-p70S6K (1:250), 30 value, obtained from the intensity log2-dilution curve). The DI 30 value for each sample stained with a particular antibody (e.g., EGFR antibody) represents the corresponding amount of the target protein, EGFR, in the sample. To correct for the possible loading error (similar to loading correction in a Western blotting analysis), the DI 30 values were normalized to a sample conversion factor. The sample conversion factor is based on several proteins with relatively unchanged levels in the RPPA. These included JNK, p38, and Akt, which served as loading controls for RPPA staining.
Statistics The group differences were tested with the exact Wilcoxon test or paired t test. For exact Wilcoxon test, the P values from multiple comparisons within the same experiment were adjusted with the Bonferroni procedure.
Results
Inhibitory Effects of PD176252 and Erlotinib on Growth of HNSCC Cell Lines
We previously reported that inhibition of GRP using a neutralizing antibody 2A11 decreased HNSCC proliferation (24) . EGFR inhibition has shown promise in clinical trials in HNSCC, especially when combined with irradiation (9, 25) . To determine whether targeting GRPR and EGFR pathways in combination would enhance the therapeutic effects compared with either treatment alone, we compared several GRPR antagonists, 2A11, RC3940II, and PD176252 (17, 18, 26) . For EGFR targeting, we examined the EGFR monoclonal antibody C225 and the EGFR tyrosine kinase inhibitors erlotinib (Tarceva, OSI-774) and gefitinib (Iressa, ZD1839; refs. 8, 11). We optimized the combined targeting approach by comparing the relative growth inhibitory effects of the different combinations. The combination of the EGFR tyrosine kinase inhibitor erlotinib and the GRPR antagonist PD176252 showed the most reproducible effects in vitro (data not shown). As shown in Fig. 1A and B, in two HNSCC cell lines tested (UM-22B and 1483), both compounds inhibited HNSCC cell growth in a dose-dependent manner. The IC 50 for erlotinib ranged from 12 to 13 Amol/L for UM-22B and 1483 cells, whereas the IC 50 for PD176252 was f8 Amol/L for both cell lines tested. These IC 50 values are consistent with previous reports using erlotinib or PD176252 in cancer cell lines (without EGFR activating mutations; refs. 27 -30). In contrast, immortalized normal mucosal epithelial cells were relatively resistant to the growth inhibition by either of these agents. The IC 50 for erlotinib in HET-1A cells was 78 Amol/L, and for PD176252, the IC 50 value was 26 Amol/L (Fig. 1C) .
Combined Targeting of GRPR and EGFR Inhibits HNSCC, Cell Growth, Invasion, and Colony Formation
To test whether combined targeting of GRPR and EGFR resulted in enhanced growth inhibition compared with single treatment alone, half of the IC 50 dose for each drug was used to treat HNSCC cells followed by MTT assay. As shown in Fig. 2A and C, combined inhibition of both GRPR and EGFR resulted in significantly enhanced growth inhibition compared with either treatment alone over a 3-day treatment period (P = 0.002). In addition to half of the IC 50 dose, we tested additional lower concentrations to examine the effect of suboptimal doses on cytotoxicity. As shown in Fig. 2B , the same augmented inhibitory effects were observed using lower concentrations of the agents compared with either treatment alone (P = 0.05). We tested the antitumor effects of this compound in a xenograft model of HNSCC and found that the tumors in the group of mice treated with a combination of erlotinib and PD176252 were significantly smaller than those mice treated with PD176252 alone (P = 0.0475; data not shown). However, PD176252 did relatively poorly in vivo and is not being further developed for clinical applications. To determine the potential toxicity of combined EGFR and GRPR inhibition on normal epithelial cells, the same treatment regimen was applied to an immortalized mucosal epithelial cell line (HET-1A). As shown in Fig. 2D , in contrast to the effects of the kinase inhibitors in HNSCC cells, the growth of the mucosal epithelial cells was not affected.
We previously reported that GRP induced HNSCC cell invasion (23) . In addition to cell growth, the effects of combined EGFR and GRPR targeting in HNSCC cells on cell invasion were examined. As shown in Fig. 3A and B, although PD176252 or erlotinib alone decreased HNSCC cell invasion, combined targeting significantly enhanced the effect when compared with either treatment alone (P < 0.001).
To further investigate the potential therapeutic effect of GRPR and EGFR targeting on HNSCC progression, soft agar assays were used to determine colony formation from HNSCC cells. This assay can reflect the ability of a single cell to form a colony, which potentially reflects tumor progression (31) . HNSCC cell colony-forming ability was further suppressed by combined treatment with PD176252 and erlotinib when compared with either treatment (Fig. 3C , P < 0.001).
Combined Targeting of GRPR and EGFR Increases HNSCC Apoptosis and G 1 Arrest
To determine whether the cytotoxic effects of combined EGFR and GRPR targeting were due to increased apoptosis and/or cell cycle alterations, we examined apoptosis by annexin V analysis following PD176252 and erlotinib treatment. As shown in Fig. 4A and B, combined targeting significantly enhanced HNSCC cell apoptosis at 24 h (Fig.  4A , P = 0.008; Fig. 4B , P = 0.028). In addition to annexin V analysis, similar results were also observed by terminal nucleotidyl transferase -mediated nick end labeling assay (data not shown). In contrast, treatment of HET-1A cells with PD176252, erlotinib, or PD176252 + erlotinib did not induce apoptosis compared with no treatment, although cisplatin was capable of robustly inducing apoptosis in these cells (Fig. 4C) . Cell cycle analysis showed that combined treatment using PD176252 and erlotinib significantly induced G 1 arrest when compared with single treatment alone in 1483 cells (Table 1 , P = 0.028). The cell cycle delay was also accompanied by a decreased percentage of S phase cells (Table 1 , P = 0.028).
Combined Targeting of GRPR and EGFR Enhances Inhibition of HNSCC Signaling Pathways
To determine the molecular mechanism of combined inhibition of GRPR and EGFR, we investigated the effect of therapy on GRPR and EGFR signaling pathways. As shown in Fig. 5 , combination targeting of GRPR and EGFR decreased EGFR phosphorylation levels compared with no treatment, but was not significantly different from erlotinib treatment alone, suggesting an EGFR-dependent effect. As a marker of proliferation, PCNA expression was further decreased upon combined targeting when compared with EGFR and GRPR inhibition alone (P = 0.05). MAPK phosphorylation was also decreased upon combined targeting of EGFR and GRPR when compared with GRPR targeting alone (P = 0.05). In addition, compared with either PD176252 or erlotinib treatment alone, combined GRPR and EGFR targeting increased PARP cleavage, a protein marker for cellular apoptosis (P = 0.05). These results suggest that combined therapy targeting EGFR and GRPR augments antitumor efficacy by inhibiting specific downstream signaling proteins.
Identification of Novel Markers that Are Regulated by Combined EGFR and GRPR Targeting
Enhanced antitumor effects were observed by combined GRPR and EGFR targeting, which indicates both EGFR-dependent and EGFR-independent pathways. We previously reported that secretion of both TGF-a and amphiregulin is induced by GRP in HNSCC cells (23, 32) . To identify additional proteins that are regulated by GRPR and EGFR combined targeting, RPPA was used to analyze cell lysates from either PD176252, erlotinib, or PD176252 + erlotinib treatment. Using antibodies that specifically recognize the phosphorylated and total isoforms of kinase substrates, RPPA can multiplex and quantify a large array of activated proteins (33) . Cell lysates were spotted on the nitrocellulose membrane and probed with 33 previously optimized phosphospecific and total antibodies to proteins involved in mitogenic signaling, signal transducing proteins, and transcription. To quantify the amount of proteins, cell lysates were diluted (1:2, 1:4, 1:8, 1:16, 1:32, 1:64, and 1:128). Using microvigene software, the amounts of corresponding proteins were determined. Quantitative results were obtained from four independent experiments and normalized to the levels of a panel of proteins that were relatively constant. As shown in Fig. 6A , combined treatment with PD176252 and erlotinib resulted in decreased levels of phosphorylated c-Jun compared with either treatment alone. To a lesser extent, phosphorylated p70S6K and p38 were down-regulated by treatment combined to either treatment alone. To confirm the RPPA results, the same cell lysates were subjected to immunoblotting with phosphospecific antibodies. As shown in Fig. 6B , phosphorylated c-Jun, p70S6K, and p38 levels were decreased upon combined targeting of GRPR and EGFR when compared with single treatment alone. Interestingly, phosphorylated Rb levels were decreased by the GRPR antagonist PD176252, but not by the EGFR inhibitor erlotinib. In contrast, phospho-Akt levels were decreased by erlotinib, but not by PD176252. Unlike HNSCC cells, the expression of downstream signaling proteins was not altered in HET-1A cells treated with erlotinib and/or PD176252 (Fig. 6C) . These results suggest that the enhanced antitumor effects of combined targeting of GRPR and EGFR may be due to blockade of both EGFR-dependent as well as EGFR-independent pathways in HNSCC cells.
Discussion
The observation that elevated levels of growth factor receptors are associated with adverse cancer outcome has led to the development of approaches that specifically interrupt these autocrine pathways. Among them, EGFR monoclonal antibodies and EGFR tyrosine kinase inhibitors have been approved for use in cancer patients, including HNSCC. 7 The administration of Erbitux/cetuximab/C225, in combination with radiation, has resulted in promising antitumor results compared with radiation alone (34) . In addition to EGFR monoclonal antibodies, several different EGFR tyrosine kinase inhibitors have been used to treat cancer patients. These inhibitors compete with ATP binding to the tyrosine kinase domain of EGFR, which inhibits EGFR activity and blocks downstream signaling (35) . OSI-774/Tarceva/erlotinib has been approved by the Food and Drug Administration for the treatment of nonsmall cell lung cancer (NSCLC). Erlotinib inhibits purified EGFR tyrosine kinase with an inhibitory concentration of 50% (IC 50 ) of 2 nmol/L. The kinase domains of the human insulin receptor and the insulinlike growth factor-I (IGF-I) receptor are much less sensitive to this inhibitor, and they are essentially unaffected at compound concentrations as high as 10 Amol/L. Erlotinib given p.o. or parenterally (i.p.) to mice consistently produced significant, dose-related reductions of EGFR tyrosine phosphorylation in HNSCC tumors (36) . Despite these promising preclinical results, the response rates of HNSCC patients treated with EGFR inhibitors alone remains <10% (37) .
We previously reported GRP/GRPR overexpression in head and neck tumors compared with normal mucosa, which inversely correlated with cancer patient survival (17) . Studies have shown antitumor efficacy using GRPRspecific inhibitors in preclinical animal models (26, 38) . A phase I clinical trial in lung cancer patients using a monoclonal antibody (2A11) against GRP showed no evidence of toxicity (39) . Antitumor activity has been observed with this anti-GRP antibody in patients with small cell lung cancer (40) . PD176252, a nonpeptide GRPR ligand, significantly inhibited lung cancer growth in vitro and in vivo (30) .
Here, we provide evidence of enhanced antitumor effects of GRPR and EGFR targeting strategies in head and neck cancer using the GRPR antagonist PD176252 and the EGFR tyrosine kinase inhibitor erlotinib. Combined inhibition of GRPR and EGFR additively inhibited HNSCC, but not normal mucosal epithelial cell proliferation. The decrease in viable tumor cells resulted from the induction of apoptosis, G 1 cell cycle arrest, and reduction of S phase. Although tumor cells often show signs of ''oncogene addiction'' to growth factor receptors, inhibition of the same receptors in normal cells may not affect cellular function(s). Thus, the increased IC 50 values of the EGFR and GRPR antagonists in the immortalized normal mucosal epithelial cells may be due to the lack of a requirement in these cells for EGFR or GRPR expression.
In addition to contributing to cell proliferation, we previously reported that Src family kinases, an important intermediate between GRPR and EGFR crosstalk, mediated GRP-induced HNSCC invasion (23) . In the present study, we showed that combined targeting of GRPR and EGFR significantly inhibited cell invasion when compared with either treatment alone. These results indicate that by inhibiting Src activity both upstream and downstream of EGFR, cell invasion ability can be decreased by combined targeting of GRPR and EGFR. The effects on HNSCC cell growth by combined treatment could be the result of increased cell apoptosis and/or alterations in the cell cycle. Here, we showed that enhanced antitumor effects are due to increased cell apoptosis and G 1 cell cycle arrest. Using a clonogenic assay, combined targeting further inhibited colony formation when compared with single treatment, indicating the potential effects of combined targeting on HNSCC tumor progression, although it is unknown if our results in HNSCC cell lines can be generalized to the clinical setting.
Other GPCR inhibitors have also been used as antitumor agents. The bradykinin antagonist CU201 has been reported to produce additive or synergistic growth inhibition of lung cancer cell growth in vitro and in vivo when combined either with chemotherapy drugs or the EGFR inhibitor gefitinib (41) . Targeting prostaglandin E 2 pathways using the cyclooxygenase-2 inhibitor celecoxib enhanced cell growth and colony formation inhibition, increased G 1 arrest, and apoptosis in head and neck cancer cells when combined with the EGFR inhibitor gefitinib (31) . These findings suggest that combined targeting of GPCRs and EGFR may improve clinical outcome in cancer patients. However, the mechanisms responsible for the additive effects of targeting both GPCR and EGFR remain to be completely understood. If GPCR signaling acts predominantly through EGFR-dependent pathways, then EGFR targeting alone should achieve the same effect as combined targeting. The enhanced antitumor effects observed when targeting both receptors in combination suggests that EGFR-independent signaling pathways are also activated by GRP.
Using RPPA, we identified that several proteins that could potentially account for the enhanced antitumor effects of combinatorial targeting of GRPR and EGFR, including phospho-p70S6K, phospho-p38, and phospho -cJun. Phosphorylation of p70S6K by PDK1 or mTOR has been reported to stimulate translational initiation and contribute to cell growth (42, 43) . We recently found that PDK1 serves as a key intermediate in the transactivation of EGFR by GRPR (32) . With combined targeting of GRPR and EGFR, p70S6K activity may be affected by PDK1 and mTOR pathways. Phosphorylation of p38 has been reported to be directly activated by h-arrestin pathways and EGFR pathways (44, 45) . Because h-arrestin acts downstream of GPCR pathways, combined inhibition of GRPR and EGFR can inhibit p38 activity via both EGFRdependent and EGFR-independent pathways. Stimulation of GPCRs including GRPR has been reported to activate JNK and its signaling cascade. The activation of JNK by GRPR was shown to be dependent on Src and the Ghg subunits and independent of phosphoinositide-3-kinase and EGFR signaling (46) . As a transcription factor, c-Jun activity is affected by phosphorylation of p44/p42 MAPK as well as p38 MAPK (45, 47) . Taken together, the expression of these phosphoproteins was affected by both EGFR-dependent and EGFR-independent pathways. In addition, we also identified Rb as a protein in which activity is regulated by GRPR, but not EGFR pathways. Rb regulates cell proliferation by controlling cell cycle progression from the G 1 -S phase. Here, we showed that PD176252 but not erlotinib decreased Rb phosphorylation, consistent with our cell cycle results (Table 1) .
Accumulating evidence suggests that GPCR ligands activate EGFR and induce both proliferative and invasive pathways in cancer cells including HNSCC (17, 24, 48) . Although some of the biological effects of these ligands seem to be mediated by EGFR, it is apparent that persistent activation of GPCR in the face of EGFR blockade contributes to tumor growth. Identification of the proteins that are induced by GRP, in the presence or absence of EGFR blockade, will determine the critical pathways to be targeted in combination with EGFR inhibition. The translational significance of these finding is underscored by our incomplete understanding of the mechanisms of ''sensitivity'' or ''resistance'' to EGFR inhibitors particularly in head and neck cancer, where recent studies support the therapeutic benefit of adding an EGFR inhibitor to standard therapy (49) . Elucidation of the key pathways that are activated by GPCR ligands in the presence or absence of EGFR blockade will allow us to optimize therapeutic strategies that incorporate EGFR inhibition (alone or in combination with GPCR blockade) into cancer treatment regimens.
